The regulatory protein Reg1 of Streptomyces lividans (a member of the LacI family) was expressed in Escherichia coli as a translational fusion with the maltose-binding protein (MBP) of E. coli. The purified MBP-Reg1 binds the promoter region of genes of the maltose regulon (amylases, maltose utilization) and that of genes sensitive to catabolite repression (chitinase, xylanase, cellulase). Repeated sequences, in direct or inverted orientation, are involved in these DNA-protein interactions. They are present in all DNA fragments able to bind MBP-Reg1. The nucleotide sequence of the repeats and the variability of the spacing between them suggest a similarity in DNA-binding activity between Reg1 and CytR, another member of the LacI family. z
Introduction
The regulatory gene reg1 of Streptomyces lividans encodes the Reg1 protein, a transcriptional regulator of the LacI/GalR family. Reg1 has 31% identity with CcpA, the carbon catabolite protein of Bacilli [1] . The disruption of chromosomal reg1 has a pleiotropic e¡ect. In reg1 strains, amylase genes are derepressed. Moreover, catabolite repression of the amylase and chitinase genes is abolished [1] . In Streptomyces coelicolor, the gene malR encodes the repressor MalR of the maltose utilization gene malE [2] . MalR is 95% identical to Reg1 [1] . Interestingly, MalR crossreacts with CcpA antibodies. However, MalR was not regarded as a functional homologue of CcpA since catabolite repression of agarase is retained in malR strains [2] . The mechanism of carbon catabolite repression in Streptomyces is poorly understood [3] . In contrast to Escherichia coli and Bacillus in which catabolite regulatory proteins have been identi¢ed [4^6] , to date there is no evidence for the interaction of a regulatory protein with various genes subjected to carbon catabolite repression in Streptomyces. The purpose of the present work was to determine whether the regulatory protein Reg1 could bind to only the promoter region of the amylase and maltose utilization genes which are inducible by maltose or whether it could also bind to the promoter region of other genes sensitive to catabolite repression and not belonging to the maltose regulon.
Materials and methods

Expression and puri¢cation of MBP-Reg1 from E. coli
Reg1 (36 kDa) was expressed in fusion with the maltose-binding protein (MBP, 42 kDa) in E. coli. The reg1 gene was PCR ampli¢ed from pJN518 [1] using primers R1 and R2 ( Table 1 ) that contained engineered restriction sites (EcoRI in R1, PstI in R2), and cloned into pMAL-c2 (New England Biolabs) to produce the plasmid pMBP-Reg1. Cultures of E. coli DH5K containing pMBP-Reg1 were grown at 37³C to an OD THH of 0.5 and expression of fusion protein was induced with the addition of IPTG (0.3 mM ¢nal concentration). Cells were harvested after 2 h, lysed by sonication in bu¡er containing 10 mM Tris-HCl, pH 7.4, 200 mM NaCl, 1 mM EDTA and 10 mM L-mercaptoethanol, and centrifuged at 37 000Ug at 4³C for 20 min. The supernatant was passed over an amylose column which was washed with the same bu¡er used to lyse the cells. MBP fusion protein was eluted with 10 mM maltose. A fraction containing nearly pure MBP-Reg1 (about 80 kDa) at a concentration of 8 mg ml 3I was recovered. It was dialyzed against bu¡er containing 10 mM Tris-HCl, pH 7.5, 100 mM KCl, 0.1 mM EDTA and 1 mM L-mercaptoethanol and stored at 370³C. Proteolytic release of Reg1 protein by use of factor Xa protease generated a 42-kDa protein that comigrates with MBP and a barely detectable 36-kDa protein indicating that Reg1 is presumably highly susceptible to proteolytic degradation as observed with other DNA-binding proteins fused to MBP [7^9] . Therefore the puri¢ed MBP-Reg1 fusion protein was used to study the DNA-binding activity of Reg1.
DNA-binding assays
Gel retardation was used to examine the interaction between MBP-Reg1 and various promoter regions of Streptomyces (Fig. 1) . The target DNA fragments were PCR ampli¢ed from chromosomal DNA of S. lividans TK24: :pTS6000 [10] using oligonucleotide primers as described in Table 1 and PCR beads (Pharmacia) under the conditions recommended by the manufacturer and in the presence of 4% DMSO. This strain contains the amylase gene of S. limosus with most of both adjacent genes. The PCR products were separated by polyacrylamide gel electrophoresis and bands of the expected size were isolated. DNA was eluted from gel bands, digested with BamHI, and end-labeled with QP P using the Klenow enzyme and [K-
QP P]dCTP. Probes were puri¢ed using Qiaquick spin columns (Qiagen). DNA-binding assays were achieved in 20 Wl containing 10 mM Tris-HCl pH 7.5, 100 mM KCl, 4 mM spermidine, 10% glycerol, 10 nM labeled probes and 10^50 WM of fusion protein at room temperature for 20 min. Samples were loaded on a prerun 6% polyacrylamide (0.07% bis) gel with the current on. The gel was run in 0.25UTris-borate bu¡er at 4³C for 90 min, dried, and autoradiographed. Electrophoretic mobility of complexes is expressed relative to that of free DNA, i.e. relative mobility (Rm) is the ratio: distance migrated by complexes/distance migrated by free DNA. Previous studies showed that regulation of the amylase gene of S. limosus (aml) in S. lividans is dependent on a 378-bp fragment extending from position 3204 to +174 (relative to the transcription start point) [10] . Two regions contribute to the regulation of aml, one located upstream of 386 includes a direct repeat (from 3117 to 3101) and a second one located between +9 and +27 includes an inverted repeat [10] . Because the regulation of aml is abolished in a reg1 strain of S. lividans [1] , it was interesting to determine whether the regulatory protein Reg1 encoded by the reg1 gene could bind to the repeated sequences of the promoter region of aml. The results in Fig. 2 show that increasing concentrations of MBP-Reg1 produced one complex of Rm 0.3 with the A fragment (159 bp) containing the direct repeat ( Fig. 2A) . Two complexes were formed with the B fragment (124 bp) containing the inverted repeat (Fig. 2B ). When these complexes were run on the same gel as the complex formed with the A fragment, one of them displayed the same mobility (Rm 0.3) as the complex obtained with the A fragment and another one exhibited a lower mobility (Rm 0.2). This result suggests that two kinds of target sequences would be present in the B fragment: (i) the known inverted repeat would generate the low mobility complex which was not observed with the A fragment; (ii) the complex with the same mobility as that observed with the A fragment would indicate that a direct repeat would be contained in the B fragment. The sequence analysis of the latter revealed the presence of such a repeat located 6 bp upstream of the inverted repeat (at position 35 in Table 2 ). It should be noted that in both cases (fragments A and B) only a small proportion of DNA was bound to the protein, indicating a low intrinsic a¤nity of each of the targets. This might be due either to the fact that Reg1 is fused with MBP or to the lack of a di¡usible corepressor. However, when both direct and inverted repeats are present together on the same fragment C (241 bp), a larger proportion of DNA was bound to the protein (Fig.  2C ). This result shows that both types of repeats are required for an e¤cient binding of MBP-Reg1 to the promoter region of aml. Such a binding might generate a repression loop as observed with LacI and GalR [11] . No such complexes were formed when pure MBP was incubated with this fragment (not shown).
Mutations in repeated sequences of the promoter region of the amylase gene of S. limosus
In order to investigate the actual role of repeated sequences in DNA-binding of MBP-Reg1, mutations were introduced either in the direct repeat or in the inverted repeat of aml promoter region. The center nucleotides of the direct repeat, G at position 3114 and C at position 3113 [10] , were both changed to T yielding the D fragment (Fig. 1) . This fragment formed two complexes in the presence of MBPReg1 as did the B fragment devoid of direct repeat (Fig. 2D) . On the other hand, when the center nucleotides of the inverted repeat, G at position +23 and C at position +24 [10] , were both changed to T yielding the E fragment ( Fig. 1) , only one complex was observed as in the case of the A fragment devoid of inverted repeat (Fig. 2E ). This result also indicates that the presence of only one half of a repeat does not allow the formation of a DNA-protein complex Fig. 1 ). E: Fragment containing two mutated nucleotides in the righthand inverted repeat (fragment E in Fig. 1 ). F : Fragment containing no direct repeat and the righthand inverted repeat mutated as in fragment E (fragment E in Fig. 1 ). suggesting that the active form of MBP-Reg1 in DNA binding could be the dimer. Finally, the F fragment, which contains no direct repeat and a mutated inverted repeat (Fig. 1) , gave no complex in the presence of MBP-Reg1 (Fig. 2F) . Taken together, these results showed that repeated sequences of the promoter region of aml gene are responsible for the binding of the regulatory protein Reg1. G and C nucleotides located in the center of the repeats have a determining role in DNA binding of MBPReg1. This result is in agreement with those obtained in vivo by Virolle and Gagnat [10] who showed that a negative regulator was titrated when both types of repeats were cloned in a multicopy plasmid in S. lividans.
Interaction of MBP-Reg1 and the promoter region of S. lividans genes inducible by maltose
Two amylase genes, amy and amlB, have been identi¢ed in S. lividans [12, 13] . The promoter regions of these genes contain repeated sequences similar in nucleotide sequence to those present in aml of S. limosus but with a rather di¡erent distribution. In amy, only a direct repeat and in amlB only an inverted repeat had been noticed. Thus, only one complex would have been expected for each gene according to the results reported above. However, both promoter regions formed two complexes with MBP-Reg1 (Fig. 3A,B) , resembling those obtained with the B fragment of aml of S. limosus (Fig. 2B) . Therefore, it was inferred that an inverted repeat may exist in amy and that a direct repeat may exist in amlB. Such sequences have been e¡ective-ly zfound in both genes ( Table 2) . Competition experiments demonstrated that the complexes formed were speci¢c to the DNA fragment assayed (Fig.  3D,E) .
In S. coelicolor, the maltose utilization gene malE, inducible by maltose and repressed by glucose similarly to the amylase genes, is regulated by malR [2] . This gene encodes the protein MalR which is 95% identical to Reg1 [1] . It seemed interesting to determine whether Reg1 could bind the malE promoter region of S. lividans. Since the nucleotide sequences of the intergenic region of malE in both S. coelicolor and S. lividans are nearly identical, the fragment corresponding to the promoter region of malE in S. lividans was synthesized by PCR by using one primer designed from the nucleotide sequence of S. coelicolor and another from that of S. lividans (Table 1) . A fragment of the expected size (200 bp) was obtained. This fragment yielded two complexes in the presence of MBP-Reg1 (Fig. 3C ) similar to those observed in the case of amylase genes. This result suggested that direct and inverted repeats similar to those present in the aml promoter region would be present in the malE promoter region of S. lividans. 
Interaction of MBP-Reg1 and the promoter region of S. lividans genes encoding extracellular proteins
One major question remaining to be answered is related to the pleiotropic e¡ect of reg1 disruption, namely the constitutive expression of amylase genes, the loss of catabolite repression by glucose of amylase and chitinase genes [1] but also of other systems commonly subjected to glucose repression such as xylanase genes and the production of total extracellular proteins (unpublished data). One could ask whether Reg1 would act as a carbon catabolite repressor by binding to the promoter region of genes sensitive to glucose repression. Three genes encoding extracellular proteins of S. lividans were studied: chiA encodes a chitinase [15] , celB an endoglucanase [16] , and xlnB a xylanase [17] . They are all repressed by glucose but each one is inducible only by its speci¢c inducer. DNA fragments corresponding to the promoter region of these genes were synthesized by polymerase chain reaction (PCR) ( Table 1 and Fig.  1 ). The results in Fig. 4 show that all of them yielded complexes in the presence of increasing concentra- Table 2 Repeated sequences in the promoter region of genes binding MBP-Reg1
The half-site distance represents the number of nucleotides between the centers of the repeated sequences. Position relative to the transcription start point (tsp). This sequence is complementary to that published. d Position in the sequence (tsp unknown). e The nucleotides mutated into T are double underlined.
tions of MBP-Reg1. The promoter region of chiA yielded two complexes (Fig. 4A) , the slowest one of Rm 0.3, the fastest one of Rm 0.5. Two similar complexes were also formed with the promoter region of celB (Fig. 4B) . The promoter region of xlnB yielded one major complex of Rm 0.3 (Fig. 4C) . In order to determine which part of the promoter region of xlnB is involved in the interaction with MBP-Reg1, the distal and the proximal fragments (Fig. 1 , fragments D and E, respectively) were assayed separately. Both fragments yielded two similar complexes (Fig. 4D,E) , one of Rm 0.3 and another one of Rm 0.5. These results showed that an e¤cient binding of MBPReg1 to the xlnB promoter region requires sequences carried on both short fragments. In a ¢rst approach, it may be asked whether regulatory sequences similar to those found in aml would not be present in the promoter region of chiA, celB, and xlnB. Sequence analysis of these fragments showed that such repeated sequences are present in these genes ( Table  2 ). In chiA, only direct repeats were found. Interestingly, they overlap a direct repeat considered as an operator for negative regulation in S. lividans [3] . In xlnB, direct and inverted repeats were found. It should be noted that they are parts of the regulatory elements proposed for several Streptomyces xylanases [17] . Taken together, these results suggest that Reg1 may act as a carbon catabolite repressor of genes encoding extracellular enzymes in Streptomyces.
De¢nition of the Reg1-binding consensus sequences
The compilation of the sets of repeated sequences noticed in the promoter region of the six S. lividans genes binding the regulatory protein Reg1 in fusion with MBP allowed the de¢nition of a consensus sequence for each type of repeat ( Table 2 ). The direct repeats display the consensus sequence CTTGCAG for both half-sites. They are separated by spacers of length varying over a large extent (3^15 bp). These sequences seem to be distributed in two groups according to the distance between the centers of the half-sites. One group (seven sequences of 13) is centered around 10 bp, the second group (four sequences of 13) around 20 bp. Interestingly, these distances correspond to one or two turns of the DNA helix. This result suggests that Reg1 would bind direct repeats belonging to adjacent grooves of the regulatory region but also direct repeats separated by one helical turn which suggests that it would bind half-sites located on the same face of the DNA helix. The consensus sequence of inverted repeats is symmetrical: CTTGCAG for the left-hand sequence and CTGCAAG for the right-hand one (Table 2 ). They are separated by spacers of various lengths (5^18 bp). Most of the half-site distances are around 12 bp (four sequences of ¢ve) and one is 24 bp. This result suggests that Reg1 would bind inverted repeats separated by slightly more than one or two helical turns, which allows us to assume that the regulatory region would be kinked upon binding of the regulatory protein to the inverted repeats.
The Reg1 binding sequences, direct and inverted repeats, are rather unexpected since Reg1 possesses a DNA-binding motif similar to other LacI-GalR members which bind regulatory sequences with a dyad symmetry and a central CG pair [18] , for instance TGWAANCGNTNWCA for CcpA [19] . The single exception is CytR which binds direct and inverted repeats. Spacers up to 23 bp allow in vivo CytR repression [20] . Interestingly, Reg1 and CytR have similar targets, CTTGCAG for Reg1, GTTGCAAG for CytR. Thus, although Reg1 presents the highest identity in amino acid sequence with CcpA, it exhibits a resemblance with CytR for the nucleotide sequence of its targets. This suggests that Reg1 would presumably adopt a conformation more similar to that of CytR than that of CcpA when it interacts with DNA.
